Logistic and exponential approaches have been used to simulate plant growth and leaf area index (LAI) in different growing conditions. The objective of the present study was to develop and evaluate an approach to simulate maize LAI that expresses key physiological and phonological processes using a minimum entry requirement for Quality Protein maize (QPM) varieties grown in the southwestern region of the DR-Congo. Data for the development and testing of the model were collected manually in experimental plots using a non-destructive method. Simulation results revealed measurable variations between crop seasons (long season A and short season B) and between the two varieties (Mudishi-1 and Mudishi-3) for height, number of visible leaves, and LAI. For both seasons, Mudishi-3, a short stature variety was associated with expected stable yield based on simulation data. In general, the model simulated reliably all the parameters including the LAI. The LAI value for mudishi-1 was higher than that of Mudishi-3. There were significant differences among the model parameters (K, Ti, a, b, Tf) and between the two varieties. In all crop conditions studied and for the two varieties, the senescence rate (a) was higher, while the growth rate (b) was lower compared to the estimates based on the STICS model.
Introduction
Assessing the impact of future climate change on the agricultural production system is imperative for the development of different adaptation measures to mitigate its possible negative effect. In developed countries, researchers have been able to assess the impact of different changes in meteorological parameters on crop growth and production under controlled environment [1] [2] . Because of lack of resources and efficient tools in developing countries, an alternative system for assessing climatic phenomena on crops is to use crop simulation models. These models have been an effective and extensive tool in plants and climate impact studies [3] [4] [5] [6] .
Green leaf area has been simulated in many studies using different approaches such as discontinuous functions, or regression analysis [7] . In some models (e.g. CERES, GOSSYM, STICS), the leaf area is calculated from the partitioned biomass on the leaves, using the concept of the specific leaf area. The leaf area remains relatively stable at densities below 5 plant/m 2 , and then decreases steadily with increasing density [8] . While the plant height increases when plant density is within 3 to 5 plants/m 2 , it remains stable for lower densities [8] under normal irrigation conditions. It has been demonstrated that the leaf area index (LAI) depends on the species, stage of development, site conditions, season and cultural practices. It is a dynamic parameter that varies from day to day and it is well studied in forests conditions [9] . Beadle [10] reports foliar indices between 2 to 4 for annual crops.
These measurements can range from 0.4 to 41. He attributed these differences to measurement methods. Thus, for a mono-specific stand, the morphological variables of the model (LAI, heights) characterize the cover as a whole [1] [11] [12] [13].
The objective of this study was to develop and evaluate an approach to simulate maize leaf area index that expresses key physiological and phenological processes using a minimum entry requirement for quality protein maize grown in the field of savannah in the southwestern region of DR-Congo.
Materials and Method
Two QPM varieties (Mudishi-1 and Mudishi-3) provided by the National Institute for Agronomic Research and Studies (INERA) were grown in the field during two growing seasons (long season A and short season B) in 2013 and 2014.
They were selected based on their agro-ecological adaptation and their socio-economic importance in savannah regions in the DR-Congo. The first sowing was completed in mid-October 2013 and the second in late April 2014. The date of second sowing was chosen to match plant maturity and the dry period.
Climatic data corresponding to this experimental period are presented in Figure   1 .
The trial was conducted following a complete randomized block design with It should be noted that maize leaf area can be measured by two methods: the manual method or using an optical planimeter. The difference in measurements using the two methods is significant [17] [18] . The manual method was adopted in this study to minimize costs.
Measurements of Parameters
In the absence of water stress, leaf development is a simple function of temperature. The physiological time scale is based on the notion of sum of degree days. The thermal time was calculated according to the formula proposed by Bennouna et al. [15] :
where, T max and T min are respectively the maximum and minimum daily temperature of the air, and Tb the basic temperature of the culture, below which there is no growth. Its value for maize is 10˚C [15] ; while for the CERES model this value is 8˚C.
The dynamics of foliar growth in maize were studied using Baret's semi-mechanistic model [13] [14] [18] , whose equation is as follows:
This equation is described in two parts, growth and senescence. The growth period is defined by a logistic equation with the parameter b being the growth rate with respect to T i (cumulative thermal time at the point of inflection). Senescence is determined by an exponential equation with the parameter a as the ratio of the growth rate and T f (thermal time expressed in cumulative temperatures where all the leaves are senescent). Parameter K describes the maximum amplitude of the leaf area index [13] .
Statistical Analyses
The getInitial and SSlogis function of the R package, procedure for estimating 
Results

Simulation of Maize Plant Growth
Plant Heights
The plant heights for each season are described in Figure 2 . The measurements were recorded every 7 days after sowing until the maximum height was reached. Signif. codes: 0 "***" 0.001 "**" 0.01 "*" 0.05 "." 0.1 " " 1, Rld: Grain yield. American Journal of Plant Sciences Figure 3 shows changes in the number of visible leaves during the two seasons.
Number of Visible Leaves
The simulation data show that during the long season, the number of visible leaves is at its maximum (Asym) at 12.48 and 13.23 leaves for Mudishi-1 and Mudishi-3, respectively. Since leaf expansion is a function of the daily air temperature, the simulation of this parameter shows that half of the number of visible leaves is reached at 318.18˚C and 377.06˚C after emergence, for Mudishi-1 and Mudishi-3, respectively.
Observations during the short season were similar to those of the long season but with adverse trends. The maximum number of visible leaves (Asym) was 13.70 and 12.90 after emergence, for Mudishi-1 and Mudishi-3, respectively.
Half the number of leaves was estimated at 357.4 (Mudishi-1) and 352.52˚C
(Mudishi-3) after emergence ( Table 2 ).
In both cases, the appearance of visible leaves was a non-symmetrical sigmoid ( Figure 3 ). The first 6 leaves appear at 460˚C after emergence for all varieties.
Mudishi-3 variety grew faster compared to Mudishi-1 and reached the maximum number of leaves at 860˚C J, while Mudishi-1 evolved slowly at a more or less regular rate, and reached the maximum number of leaves at 1000˚C J. Signif. codes: 0 "***" 0.001 "**" 0.01 "*" 0.05 "." 0.1 " " 1; Yld: Grain yield.
Simulation of Leaf Area Index
Estimations of the different parameters based on the STICS model are described in Table 3 . Maize has a general response of developmental rate to temperature, the genetic variation of is observed for maturity [13] . The model is well adapted and the leaf area index is a good simulation of both varieties. Figure 4 
Discussion
The objective of this study was to develop and evaluate an approach to simulate LAI that expresses key physiological and phenological processes using a minimum entry requirement. A simulation of the non-source leaf area was chosen because the source limitation was minimized by maize management under optimal and semi-optimal conditions. An important goal of this effort was to develop a practical application model, with less complexity and few specific cultivar parameters.
There were measurable variations in both seasons for the simulated growth of During the short season (B), Mudishi-3, with short plants, was associated with higher expected performance based on simulation data. This is in accordance with Johnson et al. [19] who reported that a reduction in plant height associated with increased performance. However, other authors [20] [21] have shown that the leaf surfaces of maize plants under drought conditions were smaller than those of well-watered plants. It is known that a slight reduction in the water potential in the rhizosphere immediately decreases the growth of maize leaves [22] [23] [24] .
The leaf area index is a factor that plays an important role in crop production for both quantitative and qualitative traits. It was noted that K, Ti, b, a, and Tf values varied with simulation model, maize variety, and field trial location used in the study. In all cases, the model underestimated LAI based on observed values. The CERES-Maize and STICS models can also be used to evaluate LAI in some studies. Despite the underestimation of leaf area index, dry matter production can be significantly overestimated due to errors in choice of varieties and inputs.
In the present study, the LAI values for Mudishi-1 and Mudishi-3 were larger than those observed by Lukombo et al. [13] for improved natural varieties and by Lufuluabo et al. [14] for unimproved normal varieties in experimental plots in rural areas of Gandajika. This can be explained by the fact that LAI is low for a significant part of the cycle because of low seeding rates or other stressors based on multiple observations in tropical conditions [25] .
The results of this study also show that during the long season, the growth rate (b) remained lower, while that of senescence (a) was high for both varieties compared to STICS estimates. The thermal time required to complete Mudishi-1 cycle is estimated at 1630˚C while that of Mudishi-3 at 1605˚C. The values are also higher than those estimated by Lufuluabo et al. [18] and lower than or equal to those of Lukombo et al. [13] . In southern Africa, the thermal time required for maize plant growth and development was estimated at 1500˚C and 1600˚C for early maturing cultivars; 1600˚C J and 1700˚C J for mature cultivars and averaged 1800˚C J for late-maturing cultivars [26] .
Current trends in crop modeling are to adapt existing models to local conditions. In the present study, equations to predict both leaf area and leaf sensitivity for protein-grade maize varieties grown in a DR-Congo savannah region were tested and adapted. In fact, Affholder et al. [25] discussed the utility and relevance of ad hoc modeling in agronomy. They highlighted the two main problems of crop modeling: defining the structure of the model according to the issue to be addressed (conceptualizing the model) and how to minimize software development efforts (global computerization). Based on the literature discussed by these authors, the approach of integrating crop models and databases is an effective alternative for scientists who wish to have the greatest understanding of their crop models.
Conclusion
In the present study, the growth and development of the maize plants varied from season to season. Mudishi-1 variety tends to simulate a higher leaf area index than Mudishi-3, which seems to stabilize its development and production in all seasons. Differences in parameters such as maximum leaf area index (k), growth rate (b) and senescence rate (a) are explained by varietal differences, based on drought tolerance. Significant differences between simulated and observed leaf area index can be attributed to stressors that were not considered in the equations. Based on the results of this study and other reports, maize producers should use drought tolerant QPM varieties adapted to local growing conditions.
